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Gravitational waves 
are “ripples” of
Spacetime, produced 
by accelerated masses 
and predicted  by 
General Relativity 
theory (Einstein 1916, 
1918)



AMPLITUDE AND POWER OF A GRAVITATIONAL WAVE

Amplitude:

Luminosity:  

Where r_Sch is the Schwarzschild radius of the emitting source: r_Sch = GM/c^2

If R, M, v are the characteristic size, mass, and speed of the emitting source, 
and r is our distance from the source, we have:

S.Shapiro & S.Teukolsky 1983, Black Holes, White Dwarfs and Neutron Stars: The Physics of Compact Objects





GW amplitude-frequency diagram of known cosmic sources

w =
G(m1 +m2 )

r3

é

ë
ê

ù

û
ú

1/2



GWs have 2 different linear polarizations.  The 2 states are rotated 45 deg relative 
to one another.  This contrasts with the 2 polarization states of an electromagnetic 
wave, which are 90 deg to each other.  This pattern of polarization is due to the 
fact that gravity is represented by a second-rank symmetric tensor (hμν), while 
electromagnetism is represented by the vector potential 

h+

h

Phase: 0 p/2 p 3p/2 2p

Polarization of GWs

Amu





Scheme of a laser interferometer 
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Credit: LIGO Scientific Collaboration, Virgo Collaboration, KAGRA Collaboration
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Alarm  reported by  the on-line 
algorithm for generic transient 

search

September 14, 2015 at 
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European Time

SNR =24

Hanford

Livingston



14 September 2015: First detection of gravitational waves

Abbott et al. 2016



Inspiral Merger

Ring down



http://link.aps.org/doi/10.1103/PhysRevLett.116.061102

http://link.aps.org/doi/10.1103/PhysRevLett.116.061102




Gravitational Waves

Nobel Prize for Physics 2017 

R. Weiss K. Thorne B. Barish

A. Einstein  1916 



https://ligo.northwestern.edu/media/mass-plot/index.html

170817

190425

190426

190814

170817



While black hole mergers are expected to be electromagnetically 
“silent”, neutron star mergers (or mergers of a NS and a BH) are 
expected to be accompanied by an electromagnetic signal.  
The mergers of systems containing at least a NS present thus a 
large potential for:

1) determining the NS equation of state

2) mapping the history of  heavy elements formation

3) Studying the progenitor population of short GRBs



Mass of star determines its fate

Mass of Progenitor star

<3M⊙

3-6 M⊙

6-8 M⊙

8-23 M⊙

23-~140 M⊙

>~140 M⊙

Remnant

He White Dwarf

C-O White Dwarf

O-Ne-Mg White Dwarf

Neutron Star

Black Hole

None?

14.3.2014 RAS, London 19



Massive Stars (>8M⊙)

• Si burning  Fe core

• Core collapse

• Compact object (NS/BH)

•  emission

• KE deposited (~1051erg)

• Nucleosynthesis


56Ni  (~0.1M⊙)

• envelope ejection

• SN type depends on 

degree of stripping

– Role of binarity?
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Prog. Star WO WC WN



SN1987A: core-collapse supernova in the LMC (50 kpc)
First example of multi-messenger astronomy (barring the Sun…)!!!

credit: ESO

February 1987

2”

artist concept
of SN1987A



SN1987A: MeV neutrino detection
Proves core-collapse and neutron star
formation

The neutrino
detectors IMB
(USA),
Kamiokande
(Japan) and
Baksan (Russia)
detected a
handful of
neutrinos each, a
few hours before
light detection
from SN1987A (I.
Shelton 1987, IAU
Circ. 4316)



Core-collapse supernova neutrinos

Electron capture (or inverse beta decay):

This process is responsible for neutronization of
massive stellar cores undergoing gravitational
collapse (neutron star remnant formation)



neutron star



Light curves of core-collapse supernovae
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SN Light Curves are diverse
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Periodic table of elements

https://en.wikipedia.org/wiki/R-process

Lanthanides: Z = 57-71



Electron capture (p + e-  n + nu_e)
and beta+ decay (p n + e+ + nu_e)
Are also responsible for supernova light
emission, dominated by the decay chain:

56Ni  56Co 56Fe

The emitted neutrino flux is normally way
too weak to be detected



SN spectra near maximum light:
diversity suggests different origin

SN Ia

SN II

SN Ic

SN Ib

Filippenko 1997



Typical spectra of Stripped-envelope core-collapse SNe

Pian & Mazzali 2017
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From Th. Janka, 2016



From Th. Janka, 2016

(2D)



Simulation of the merger of a 1.3 and a 1.4  Msun neutron stars
(S. Rosswog, http://compact-merger.astro.su.se)

http://compact-merger.astro.su.se




The valley of stability

https://en.wikipedia.org/wiki/Valley_of_stability

See also:

https://www.youtube.com/watch?v=BaUjNiJYgO4

https://www.youtube.com/watch?v=UTOp_2ZVZmM&t=192s

https://en.wikipedia.org/wiki/Valley_of_stability
https://www.youtube.com/watch?v=BaUjNiJYgO4
https://www.youtube.com/watch?v=BaUjNiJYgO4


Solar system abundances of 
heavy elements produced
by r-process and s-process
neutron capture. 

The s-process (~1000 years) 
takes place in red-giants
cores (AGB phase)

The r-process (seconds or 
less) takes place in binary
NS mergers

Heavy elements:  s- and 
r-process nucleosynthesis

Periodic table



Short GRB130603B
(z = 0.356)

Kilonova:
Ejection of r-process material
from a NS merger (0.01-0.1 Mo) 
(Barnes & Kasen 2013)

MH ≈ -15

MR ≈ -13

Tanvir et al. 2013;

Berger et al. 2013 

MJ = -15.35



Conclusions

Gravitational waves are a spacetime perturbation, described by a 4-
dimensional tensor, produced by massive asymmetric sources. 

First gravitational radiation detection (~100 Hz) in 2015 lagged theoretical
prediction by one century, but results were spectacular: a binary system of 
black holes of 30 solar masses each merges and produces a nearly 60 solar 
mass black hole.  The mass difference, 3 solar masses, is radiated away as
GWs.  However, no electromagnetic signal is detected, and none is expected
(in principle).

The search for multiwavelength electromagnetic signal accompanying GWs
from a binary neutron star merger has manifold implications: compact stellar 
object physics (NS EoS), binary merger dynamics, GRB physics, 
nucleosynthesis, MeV neutrino physics.

In particular, the optical/infrared counterpart of a binary NS merger is a 
radioactive source (kilonova), analogous to supernova.

Nucleosynthesis of binary NS merger points to dominance of r-process, as
opposed to s-process: neutron fluxes are rapid and abundant.  


